In mature northern hardwood forests, the initial flow of anthropogenic NO3-through microbial cells, and its subsequent incorporation into soil organic matter or uptake by plants, may be an important mechanism of N retention. Previous work indicates that Acer saccharum Marsh. (sugar maple), a dominant overstory tree in this ecosystem, appears to have a limited capacity for NO3-uptake and satisfies much of its N requirements through NH4+ assimilation (Rothstein et al 1996) . Given that microorganisms in these forests can rapidly assimilate NO3- (Zak et al. 1990 ), microbes could potentially out-compete the dominant overstory trees for NO3-. Upon death of microbial cells, N previously assimilated as NO3-could enter soil organic matter or be released as NH4+ into soil solution. Thus, the cycling of N through microorganisms could facilitate the retention of anthropogenic NO3-by increasing rates of N incorporation into soil organic matter or by increasing the availability of NH4+, which is preferentially used by sugar maple. Our objective was to determine the importance of microbial immobilization as a pathway for anthropogenic NO3-retention in northern hardwood forests. To accomplish this, we followed the belowground fate and flow of 5NO03-throughout a single growing season in a sugar-mapledominated forest in northern Lower Michigan.
METHODS

Study site
Our study was conducted in a northern hardwood 15NO3-addition and field sampling Three 9-m2 plots were established within 100 m of one another in early June 1997. We systematically applied 29.5 mg 15N/m2 to each plot as a single addition of 1SN-enriched Nal5NO3 (99.9%) dissolved in H2O (4 L/m2). The amount of NO3--N added to each plot was similar to that entering the soil from a major rain event. Forest floor and belowground plant, microbial, and soil pools were sampled one day prior to application of the 5NO03-and at periodic intervals throughout the growing season (i.e., 2 h, 8 h, 1 d, 2 d, 1 wk, 2 wk, 4 wk, 6 wk, 8 wk, 11 wk, and 16 wk following 15NO3-additions). On each sampling date, surface litter (i.e., the forest floor, Oi horizon) was collected from three random 10 x 20 cm locations within each 9-m2 plot. Following forest-floor collection, two soil samples were excavated (from beneath each forest-floor sample) with a polyvinyl chloride corer (5.4-cm inner diameter, 10-cm depth) and composited; soil samples consisted of both organic (Oe/Oa, 1-3 cm thick) and mineral horizons (A + E, 7-9 cm thick). Soil cores were placed on ice and transported to our laboratory at the University of Michigan Biological Station, allowing us to begin processing samples within 0.5 h of field collection. For a given pool, differences in mean N concentration, percentage 15N, and atom % excess 15N among sample dates were compared using one-way analyses of variance (ANOVA) and Fisher's least significant difference (LSD) procedures. Differences in the mean recovery of added '5N among pools and sample dates were compared using a two-way ANOVA and Fishers LSD procedure. Significance for all statistical analyses was accepted at a = 0.05; tests were performed using the SYSTAT software package (Wilkinson 1993 ).
Laboratory analyses
RESULTS
Total recovery of '5N was 93% 2 h after N03-application, but recovery rapidly dropped to -29% within 1 mo (Fig. 1) . After 1 mo, 1SN recovery varied little throughout the remainder of the experiment (24 to 18%). Only 28% of the label was recovered as inorganic N (exclusively as NO3-) at 2 h, and recovery of 15N in the inorganic N pool was < 1% after 2 wk. Four months after addition of the isotope, the largest sinks for 15N were soil organic matter (7% of added label, Fig. 1 ), root biomass (6% of added label), and N immobilized in soil microbial biomass and the forest floor (6% of added label).
During the first 28 d of the experiment, when most major changes in '5N recovery occurred, the N concentration (milligrams N per gram) of plant and soil pools remained relatively constant. There were no significant differences (P < 0.05, ANOVA) among sample dates in the N concentration of any measured pool, except for N03-which increased immediately following addition of the '5NO3- (Table 1 ). However, extractable N03--N returned to pre-isotope addition levels after 2 d. In contrast, there was considerable temporal variability in the percentage 15N of a given pool ( Table  2 ). The percentage 15N of forest floor and NO3-significantly increased (relative to natural abundance levels) within 2 h of '5NO3-additions and remained elevated for 14 d. The percentage 15N of soil microbial biomass also was significantly higher than the natural abundance 2 h following 1NO3-additions, but returned to background levels within 8 h. The percentage 15N of soil organic matter, very fine roots, and fine roots increased significantly after 1 d and remained consistently high thereafter.
Two hours after isotope addition, the fate of 15N was in NO3-(8.4 ? 1.1 mg 15N/m2; mean + 1 SE), soil organic matter (8.2 ? 3.6 mg '5N/m2), forest floor (6.1 ? 0.4 mg 15N/m2), and soil microbial biomass (4.6 + 2.7 mg 15N/m2) ( Fig. 2A) . After 28 d the added 15N was entirely absent from the NO3-pool, had declined significantly in soil organic matter (3.3 ? 0.6 mg '5N/m2) and the forest floor (1.9 ? 0.3 mg 15N/m2), and had almost completely disappeared from soil microbial biomass (0.4 ? 0.1 mg 15N/m2; Fig. 2A ). Although almost no 15N was recovered in root biomass within 2 h, roots were significant sinks for 15N by day 1 (very fine roots, 2.0 ? 0.8 mg 15N/m2; fine roots, 0.3 + 0.1 mg L5N/m2). In addition, we recovered small but detectable amounts of l'N as NH4+ between day 1 and day 14. Forest floor and soil microbial biomass were significantly greater sinks for '1N than were fine roots or very fine roots during the first 2 d of the experiment; after 2 d there were no significant differences in 15N recovery among root and microbial pools.
Given that there were no significant differences in the N concentration of a given pool among sample dates (with the exception of N03-), we used the appearance of the '5N in the various pools (atom % excess 15N) to track the flow of the NO3-among them (Fig. 2B) . The '5N enrichment of forest floor and soil microbial biomass reached their maximal levels simultaneously with NO3-, significantly increasing the atom % excess 15N 2 h after addition of 15NO3- (Table 2, Fig. 2B ). The atom % excess 15N of soil organic matter did not peak until day 1, followed by NH4+-N at day 2, and subsequently fine root and very fine root biomass on days 7-28 (Table 2 
DISCUSSION
Fate of '5N03-Microbial immobilization was the greatest sink for '5N03-immediately following isotope addition (i.e., at 2 h). Assuming that 15N recovered in the forest floor was assimilated by microorganisms, we estimate that more than one third of the 5N03-was initially consumed by microbial immobilization (21% in forest floor, 16% in soil microbial biomass). Immobilization into soil microbial biomass could actually be much greater, because we did not use a correction factor in our calculation of biomass and the '5N contained in this pool. If we had used a correction factor of 0. : Mass values were determined by averaging samples across the first month of the experiment (three plots for each of the eight dates shown at right). There were no significant differences in mass for forest floor or root biomass pools during the first 28 d of the experiment (P < 0.05, ANOVA; data not shown).
? The mass for soil pools is the bulk density to a depth of 10 cm (i.e., bulk density in g/cm3 multiplied by 10 cm). Value was determined at the start of the experiment and assumed to be unchanging throughout the growing season; thus, no standard error of the mean across sample dates is given.
|I The mass for the forest floor pool is the mass of surface litter.
? The mass for below ground plant pools is the standing crop of roots to a depth of 10 cm.
horizons, and transport into other above-and belownorthern hardwood ecosystem (Merrill and Zak 1992) ground plant tissues. Although we did not measure de-and thus likely represented a minor loss of 15N during nitrification, the amount of N lost through this process our experiment. Declines in 15N recovery are more likeis low in the well-drained, sandy upland soil of this ly the result of leaching and plant uptake. Added '5N may have initially leached from soil as NO3-, which 31% during a l-wk period (day 7 to day 14) when 26% is very mobile in soil solution (as compared to NH4+), of the growing-season precipitation was deposited. or as dissolved organic nitrogen (DON) following cyAlthough leaching may have contributed to the decling through microbial biomass. Leaching losses could cline in 15N recovery over time, it is unlikely that leachbe particularly great when soil water content is high.
ing can account for all of the unrecovered 15N in our For example, total 15N recovery declined from 41% to experiment. For example, we observed a large decline in the recovery of '5N during the first week of the experiment (from 93% to 41%), a period during which < 1% of growing season precipitation fell and leaching losses were presumably minimal. Furthermore, data from another N03--addition experiment conducted in the same forests, in which much larger amounts of NO3-were applied (30 kg N-ha-1'yr-1), indicate that <46% of added N is annually lost to NO3-and DON leaching (K.S. Pregitzer, unpublished data). We suggest that plant uptake could account for much of the '5N that we were unable to recover. We have recently initiated a large-scale ecosystem 15N-labeling experiment to address the issue of the long-term fate of anthropogenic NO3-. Assuming that the decline in '5N recovery over the course of the entire experiment (i.e., from 93% at 2 h to 18% at 4 mo) is due to leaching and plant uptake, and that <46% of the added label was lost due to leaching, we estimate that 29% or more of the added '5N could have been assimilated by plants. Results from several other studies indicate that forest trees can be major sinks for N, taking up 11-57% of experimental 3NO3-additions (Melin et al. 1983 , Nadelhoffer et al.
1995, Buchman et al. 1996, Seely and Lajtha 1997).
We did not estimate 15N recovery in stems, branches, or leaves, in our experiment, because quantifying the amount of label assimilated by overstory trees requires the addition of isotope over areas of forest much larger than the 9-m2 plots used in our experiment. Nonetheless, the appearance of the 15N in tree roots in our study clearly indicates that plants were assimilating some of the added 15N. Roots were initially a minor sink for 'NO3-(i.e., <1% of the added label at 2 h); however, '5N recovery in roots significantly increased 1 d following isotope additions and remained relatively high for the remainder of the growing season (6-9%). If N assimilation by roots reflects incorporation into aboveground tissues, then our results suggest that plants could be an important sink for N03-additions. Moreover, it appears that plant uptake may be an important fate for N03-only after it has been metabolized by microorganisms.
Flow of 15NO,-
Our data indicate that much of the 15NO3-cycled rapidly through microorganisms before appearing in soil organic matter and plant roots. Although recovery of 15N fluctuated following addition of the label, after 4 wk there was little change in the recovery of 15N within a given pool (Fig. 1) , suggesting that major N transfers occurred within the first 28 d of the experiment. Given that plant, microbial, and soil N pools (i.e., in milligrams N per square meter) varied little during this period, we used the change in their 15N enrichment to trace the flow of the isotope (Fig. 2B) . For example, an increase in the 15N enrichment of a given pool over time indicates greater incorporation of the labeled N into that pool. In contrast, a decrease in 15N enrichment reflects a dilution of the percentage '5N due to an influx of 14N (assuming limited effects of isotopic discrimination on N transfers among pools over time steps of hours to days in our study). We suggest that the point at which maximal enrichment for a given pool occurs (i.e., greatest atom % excess '5N) is an index of when '5N flow is greatest into that pool, and thus can be used to follow the flow of '5N among microorganisms, soil organic matter, and plants.
Initially, microorganisms appeared to out-compete plant roots for 15NO3-. We found that the '5N enrichment of the forest floor and soil microbial biomass exhibited a significant increase immediately following '5NO3-addition (i.e., at 2 h, Fig. 2B ). Because this was coincident with the peak in the '5N enrichment of NO3-in soil solution, we conclude that there was significant microbial assimilation of NO3-. In contrast, the 15N enrichment of root biomass (fine roots and very fine roots) did not significantly increase until 1 d later and reached maximum levels on days 7 and 28 (Table 2, Fig. 2B ). We also found that '5N recovery in forest floor and soil microbial biomass during the first 2 d of the experiment was significantly greater than recovery in very fine and fine root biomass ( Fig. 2A) , suggesting that microbial immobilization was the largest, immediate sink for anthropogenic NO3-. Even though we did not quantify 15N recovery in aboveground plant tissues, the much higher rates of NO3-uptake for microorganisms than for plants (compare initial slopes for forest floor and soil microbial biomass with roots, Fig. 2A ) further indicate that microorganisms were better competitors for NO3-.
Although it is has often been assumed that heterotrophic microorganisms have only a limited capacity for NO3-uptake (Rice and Tiedje (Fig. 2A) , suggesting rapid movement of immobilized '5N through these pools. Similarly, Seely and Lajtha (1997) concluded that a significant portion of NO3-additions in pine and mixedhardwood forests cycled through microbial pools within 2-7 d. Additional evidence for turnover of the 5NO3-initially immobilized by microorganisms comes from the observation that the maximal 15N enrichment of soil organic matter (day 1) occurred following peaks in the 15N enrichment of forest floor and soil microbial biomass (Fig. 2B) . Although some 15N likely became stabilized in soil organic matter following microbial assimilation and turnover, the gradual decline in total 15N recovery in the soil-organic-matter pool (after relatively large recoveries immediately following addition of the label), suggests rapid flow of 15N through this pool as well.
In our study, some of the 15N cycling through microorganisms and soil organic matter appeared to be mineralized as NH4+ and subsequently taken up by plants. Despite the fact that the total amount of '5N recovered in NH4+ was never great, the added isotope clearly was present as NH4+ ( Fig. 2A) . The low amount of 15N recovered as NH4+ in our study does not necessarily reflect the importance of this pool as a pathway for the added 15N, just as the pool size of NH4+ (or NO3-) is a poor indicator of gross N flux and turnover rates (Davidson et al. 1990 , Davidson et al. 1991 . We argue that significant increases in the atom % excess 15N of NH4+ between day 1 and day 7 indicate rapid flow of '5N through this pool (Fig. 2B, Table 1 ). In addition, the 15N enrichment of fine roots and very fine roots increased rather slowly and only reached maximal values (at day 7 or day 28) following a significant increase in the enrichment of NH4+, suggesting that roots took up and assimilated 15NH4+. This result is similar to previous findings by Rothstein et al. (1996) , who observed a greater potential for NH4+ uptake than NO3-uptake in sugar maple and is consistent with the idea that late-successional species are better adapted to NH4+-based economies (Kronzucker et al. 1997 ).
Our results demonstrate the dynamic nature of NO3-cycling within this forest, as well as the importance of microorganisms as a pathway for anthropogenic-NO3-retention. Immobilization into soil microbial biomass and the forest floor was the immediate but short-term sink for added 15N03-. Subsequently, the rapid cycling of N03-through microorganisms, following cell death and turnover, facilitated N incorporation into more stable, long-term sinks. Although the ultimate fate of anthropogenic N03-additions to this northern hardwood forest is likely in soil organic matter or plants, microbial immobilization is a major factor influencing the movement of N03-among belowground N pools, and thus has the potential to influence long-term patterns of N retention.
